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(Abstract 


A  new  type  of  apparatus  has  been  constructed  for  carrying  out 
electrochemistry  in  nearcriticai  and  supercritical  aqueous 
solutions.  The  following  systems  have  been  studied  at  a 


platinum  electrode:  F2C/O2'.  fj/1 2.  E^,"j/Br£,  and 
hydrcquinone/benzcquinone .  The  compact,  alumina  flow-cell  can 
be  heated  or  cooled  quickly,  and  can  be  recharged  with  fresh 
electrolyte  solution  while  at  high  temperature  and  pressure, 
large  reduction  in  the  potential  required  for  the  eleotrtlyai? 
of  water  was  observed.  Diffusivities  have  been  measured  for 
iodide  ions  and  hydroquinone .  General  agreement  with  the  Stck 
Einstein  model  was  observed  in  the  temperature  range  25^C  to 


(End  of  abstract) 
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Int roduct i on 


Nearcritical  and  supercritical  water  holds  great  promise  as 
a  solvent  because  it  can  dissolve  non -polar  organic  compounds 
ana  polar  inorganic  salts  simultaneously .  This  makes  it 
possible  to  develop  electro-organic  syntheses  in  water,  instead 
of  in  an  expensive  and  possibly  toxic  organic  solvent.  We  nave 
designed  an  electrochemical  cell  that  can  be  operated  above  the 
critical  point  of  water  (Tc  »  37y°C,  Fc  -  221  bar).  Areas  of 
investigation  reported  here  include  the  effect  of  temperature  on 
redox  potentials,  electrode  kinetics  (i.e.  overpotent i ais ) ,  mass 
transport  rates,  and  ether  electrochemical  parameters. 

Research  in  the  area  of  supercritical  fluids  has  been 
expanding  in  recent  years,  primarily  because  of  an  awareness  of 
the  unique  solvent  properties  of  materials  in  the  critical 
region.  Gases  such  as  carbon  dioxide  and  ethylene  have  been 
used  as  solvents  for  extraction,  and  in  a  variety  of  other 
manufacturing  processes .' ”3  However,  water  the  most  readily 
available  and  used  solvent  has  received  very  little  attention  as 
a  supercritical  solvent,  perhaps  because  of  its  relatively  high 
critical  temperature  and  critical  pressure. 

At  high  temperature,  particularly  as  the  critical 
temperature  is  approached,  the  hydrogen  bonding  that  exists  in 
water  at  lower  temperature  is  diminished.11  The  dielectric 
constant  decreases  so  that  the  resulting  solvent  properties  make 
near-cr i t i cal  ana  supercritical  water  a  promising  medium  for  a 
variety  of  chemical  and  electrochemical  processes.  Super- 
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critical  water  has  been  used  as  a  medium  for  the  liquefaction 
and  extraction  of  coal, 5  tar  sands, ®  and  biomass.?  Complete 
oxidation  of  most  organic  pollutants  has  also  been  achieved  in  a 
mixture  of  supercritical  water  and  air.®  There  is  significant 
ongoing  research  in  the  electrochemistry  of  metals  in  high 
temperature  aqueous  solutions,  because  of  its  importance  to  the 
electric  power  and  metal  manufacturing  industries.^ 

This  work  is  part  of  a  continuing  study  of  electrochemistry 
in  near-  and  supercritical  fluids.1'-''’1  A  previous  study  of 
aqueous  solutions 1  0  employed  a  quartz  electrochemical  cell 
contained  in  a  steel  bomb.  The  electrochemistry  of  some 
supporting  electrolyte  solutions  was  studied.  In  addition,  the 
diffusivity  of  Cu2+  was  measured  up  to  245°C. 

Though  it  did  yield  useful  results,  this  initial  work  was 
hampered  by  experimental  difficulties  that  arose  from  using  a 
large  pressure  vessel  to  contain  the  cell.  The  main 
disadvantage  was  the  inability  to  recharge  the  cell  with  fresh 
electrolyte  solution  while  at  high  temperature.  If  the 
electrolyte  solution  became  degraded  for  any  reason  (e.g.  a 
current  overload  caused  by  overcompensation  of  resistance),  a 
complete  shutdown  of  the  system  was  necessary.  A  lengthy 
experimental  delay  resulted  from  the  long  setup,  heating,  and 
cooling  time  necessary  for  the  12  kg  bomb.  Other  problems  arose 
from  the  high  temperature  seals  around  the  electrode,  the  large 
amount  of  energy  stored  in  the  heated  bomb,  contact  between  the 
electrolyte  and  the  steel  walls  at  temperatures  above  the 
critical  point,  and  possible  contamination  of  the  solution  by 


products  formed  at  the  counter  electrode. 

The  new  electrochemical  cell  presented  here  addresses  each 
of  these  drawbacks  in  the  previous  design.  A  High  Pressure 
Liquid  Chromatography  (HPLC)  pump  is  used  to  introduce  fresh 
solution  at  operating  conditions.  The  small  volume  of  heated 
solution  permits  rapid  heating  and  cooling  of  the  cell,  so  that 
measurements  can  be  made  at  more  temperatures  in  a  single 
experimental  run.  Because  of  the  small  volume,  experiments  can 
be  conducted  behind  a  Plexiglass  shield  instead  of  a  cinder 
block  wall.  The  electrodes  feedthroughs  are  at  a  low 
temperature,  so  that  Teflon  seals  can  be  used.  The  alumina 
pressure  vessel  has  greatly  reduced  problems  arising  from 
ccrros i on . 


II.  Experimental  Section. 

Apparatus .  A  diagram  of  the  high  pressure  and  temperature 
electrochemical  cell  is  shown  in  Figure  1.  The  key  element  is 
the  cell  body,  a  0.635  cm  (1/4")  C.D.  by  C.23S  cm  (3/32”)  I.D., 

■  5  cm  (6")  long  alumina  tube  (99.8%  A^C^I,  that  contains  the 
pressurized  solution  at  high  temperature.  AI0O3  was  chosen  to 
avoid  corrosion  and  spurious  electrical  fields  within  the  cell. 
Only  the  central  portion  of  the  tube  is  heated.  All  pressure 
seals  are  located  at  the  relatively  cool  end  fittings.  This 
permits  the  use  of  Teflon  ( poly-tetraf luoroethy lane ,  TFE)  as  th 
sealing  material.  The  connections  for  the  alumina  tube  are 
steel  Swageiok  fittings  with  TFE  ferrules.  The  electrode  leads 
pass  through  compression  fittings  consisting  of  a  TFE  disk 


between  two  alurr.ina  washers.  The  lengths  of  the  working  and 
reference  electrodes  were  tailored  such  that  the  tip-to-tip 


distance  was  less  than  1.3  cm.  All  metal  parts  are  either  316 
stainless  steel  or  Hastelloy  Alloy  C. 

T.ne  complete  experimental  system  is  shown  schematically  i 
Figure  2.  The  system  was  pressurized  with  a  Milter.  Fey  ,-P.  ivie 
Beach,  FLN  Minipump  (Model  396  Slow  Speed''.  Luring  measure¬ 
ments,  the  cutlet  valve  was  clcsed  sc  that  the  solution  was 
stationary  at  the  electrode.  A  tube  packed  with  '  urn  alumina 
powder  maintained  the  pressure  while  the  cell  was  being 
recharged  with  fresh  solution.  Only  deionized  water  was  passe 
through  the  pump  to  protect  it  from  corrosion.  The  electrclyt 
solutions  were  introduced  using  a  Valeo  Instruments  (Houston, 
TX)  HPLC  sample  valve.  A  thermocouple  cemented  to  the  tube  wa 
provided  input  to  an  Autoclave  Engineers  (Erie,  PA)  proportion 
integral  temperture  controller  (Model  520).  The  controller 
operates  a  nichrome  wire  heater  wrapped  around  the  75  mm  centr 
portion  of  the  alumina  tube  to  regulate  the  cell  temperature. 
The  temperature  was  controlled  to  within  5cC  and  the  pressure 
within  2  bar  of  the  desired  values.  The  electrochemical  cell 
has  been  operated  at  temperatures  up  to  ^00°C  and  pressures  up 
to  270  bar.  All  of  the  data  presented  here  are  at  2^0  bar. 
Procedure .  The  working  electrodes  were  made  by  welding  a  spot 
of  platinum  to  a  tantalum  wire.  By  oxidizing  the  electrode  in 
sulfuric  acid,  a  thick  oxide  layer  was  formed  on  the  tantalum 
which  passivated  it  completely.  Thus  only  the  platinum  tip, 
which  was  within  the  hot  zone  of  the  cell,  was  active.  The 


electrode  used  for  studing  the  cyclic  voltammetry  of  I_/l2, 
Br“/Er2,  and  the  KaHSOu  supporting  electrolyte  solution  had  an 
area  cf  1.3  *  ’0”^  cm-,  and  the  electrode  used  to  measure 
diffusion  coefficients  and  the  cyclic  voltammetry  of 
hydrcqu i none /benzoqu i none  had  an  area  cf  1.9  *  1 0 ~ 3  cm-.  The 
geometric  areas  were  determined  by  measuring  diffusion  currents 
from  chror.oamperometr i c  potential  step  experiments  at  25cC  in 
solutions  cf  hydrcqu: none  or  KZ  in  0.2  M  NaSOn .  r'.ol the f  f  and 
Crlemanr.  have  previously  measured  the  d if f us i v i by  cf 
hydroquinene  in  water  as  7.4  ±  0.2  *  10“6  cm2/sec  at  23cC.'2 
With  this  value  as  a  standard,  the  diffusivity  cf  iodide  ions  in 
water  at  25°C  was  measured  with  a  large  platinum -ir. -glass 
electrode  (area,  C.2C  cm2)  and  a  three  compartment  cell.  A 
value  of  1.4  ±  0.1  >■  10~5  cm-/sec  was  obtained  in  0.2  V.  NaHSCu 
supporting  electrolyte  solution.  These  values  were  also  used  as 
the  basis  for  calculating  the  diffusivity  at  high  temperature. 
Before  each  set  of  experiments,  the  electrode  was  held  at  *'C0V 
:r.  2M  H2SQ4  for  20  seconds.  This  treatment  refreshed  the 
tantalum  oxide  layer  and  exposed  a  clean,  active  surface  on  the 
platinum,  and  resulted  in  reproducible  behavior. 

A  silver  wire  was  used  as  a  quasireference  electrode.  The 
silver  was  connected  to  a  tantalum  lead  with  a  small  bridge  of 
platinum.  As  with  the  working  electrode,  the  tantalum  was 
coated  with  oxide.  A  stable  potential  was  obtained  in  ail 
solutions.  The  auxiliary  electrode  was  a  platinum  wire  (exposed 
area,  0.4?  cm2)  located  in  the  downstream  endblock  of  the  cell. 

For  cyclic  voltammetry  and  chronoam.perometry ,  a  Princeton 


Applied  Research  Model  173/179  pot en t i os t at /d i g i tal  coulometer 
with  a  Model  175  universal  programmer  was  employed.  Positive 
feedback  was  used  to  compensate  for  solution  resistance. 

Because  the  tantalum  reference  electrode  lead  has  a  large 
capacitance,  it  was  not  always  possible  to  compensate  fully  f c: 
the  solution  resistance.  The  current  and  potential  data  were 
reccrcec  with  a  Norland  Model  200’  digital  oscilloscope.  For 
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rate  was  1.0  msec  for  recording  cyclic  vcltammc .'"ams  and  0." 
msec  for  chronoamperomet r i c  experiments. 

Chemicals  were  reagent  grade  and  were  used  as  received. 
Solutions  were  prepared  from  distilled  water  that  was  further 
treated  by  passage  through  a  Miilipore,  Milli-G  Reagent  Water 
System.  All  experiments  were  conducted  in  solutions  that  had 
been  deaerated  with  nitrogen. 


III.  Results  and  Discussion 

Supporting  Electrolyte.  Figure  3  shews  a  series  cf  cyclic 
vol  t  ammo  grams  of  a  0.2  M  NaHSCi*  solution,  the  supporting 
electrolyte  for  this  study.  In  Figure  3,  peak  A  is  the  current 
from  the  reduction  of  protons  to  hydrogen.  Peak  B  is  from  the 
oxidation  of  water  to  oxygen.  The  voltage  scales  have  been 
adjusted  so  that  the  potential  of  zero  current  on  the  hydrogen 
wave  was  defined  as  zero  volts  versus  the  reference.  This 
potential  is  approximately  250  mV  negative  of  the  potential  cf 
normal  hydrogen  electrode  (NHE),  because  the  pH  of  the  bulk 
solution  is  about  1 . 4  (versus  0  in  a  NHE).  The  cH  at  the 


electrode  is  slightly  increased  by  the  reduction  of  H+  to  H2. 
As  long  as  the  same  peak  hydrogen  current  is  reached  in  each 
vol tammogram ,  the  zero  crossing  point  is  a  stable  reference, 
that  is  especially  convenient  for  higher  temperature 
measurements.  Since  the  zero  current  potential  at  the  oxygen 
limit  is  net  easily  located,  some  other  measure  of  the  oxygen 
potential  must  be  chosen .  We  have  picked  the  potential  where 


the  current  drops  below  13c  yA  (1C  mA/cm-'-)  after  the  potent  i  a 
sweep  is  reversed.  Though  this  choice  is  somewhat  arbitrary, 
the  varition  of  this  potential  with  temperature  provides 
information  related  to  the  redox  potential  and  the  overpontia 
characteristics  of  the  H^C/Oc  system. 

As  seen  in  previous  studies,  the  potential  window  betwee 
hydrogen  and  oxygen  evolution  narrows  with  an  increase  in 
temperature.  The  change  in  potential  window  was  monitored  fr 
25°C  to  390°C  and  the  results  are  plotted  in  Figure  4.  The  to 
decrease  in  the  potential  required  for  the  electrolysis  of  wa 
is  410  mV  as  the  temperature  is  increased  from  25cC  to  350CC. 
Of  this  4 1 0  mV  decrease,  approximately  10C  mV  can  be  attribut 
to  the  decrease  in  the  free  energy  required  to  split  water. *  - 
The  major  component  of  the  shift  is  presumably  a  decrease  in 
oxygen  overpotential  on  platinum .  This  reduction  in  voltage 
the  result  of  the  high  overpotential  for  the  oxygen  evolution 
reaction  on  platinum  at  room  temperature.*11  The  effect  of 
temperature  on  H2O  electrolysis  has  been  studied  previously," 
but,  to  the  authors'  knowledge,  has  not  been  previously  reper 


ever  such  a  broad  temperature  range. 


*n  addition  to  the  change  in  potential  window,  the  other 
significant  feature  of  the  cyclic  voltammograms  was  observed  in 
the  waves  from  oxidation  and  reduction  of  the  platinum  surface 
■'peaks  C  and  D)  in  Figure  3-  These  have  been  the  subject  of  a 
number  of  previous  studies. ^  At  25°C  the  oxidation  of  the  Ft 
surface  to  an  oxide  or  adsorbed  oxygen  species  occurs  :r.  a 
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hr e  electrode  surface  occurs  at  a  better-defined 
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Above  iOCcC,  a  more  pronounced  peak  develops.  The 
oxidation  peak  sharpens  with  increasing  temperature,  a 
consequence  of  the  increasing  reaction  rate.  Also,  as  the 
xinetic  rate  increases,  the  overpotential  necessary  to  drive  th 
reaction  declines.  Thus,  the  potential  gap  between  the 
oxidation  and  reduction  waves  decreases  with  increasing 
temperature.  By  averaging  the  peak  potentials  of  waves  C  and  D 
at  2CC°C,  we  can  estimate  a  potential  of  0 . 8T  V  for  the  Ft 
surface  oxide  redox  process. 

An  unusual  feature  of  Figure  3  is  the  anodic  peak  in  the 
negative  scan  at  3  T  5  0  C  and  390°C.  In  preliminary  experiments 
with,  sodium  acetate,  phenol,  and  benzene,  this  behavior  has  bee 
observed  at  temperatures  as  low  as  25G°C.  For  this  reason,  we 

believe  that  this  anodic  peak  is  the  result  of  an  organic 
impurity  in  the  cell.  The  impurity  did  net  interfere  with  the 
measurement  of  the  anodic  and  cathodic  limits  of  the  solution, 
which  was  the  main  thrust  of  this  series  of  experiments. 
Thoroughly  cleaning  the  ceil  eliminated  this  behavior  from  late 
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experiments  . 

Redcx  Reactions:  KI  and  KBr.  As  an  initial  study  of  high 
temperature  electrochemistry  the  halogen  couples  I " /1 2  and 
Sr'/Br2  were  examined  with  cyclic  voltammetry.  Representative 
cyclic  voltammograms  (CV's)  are  shown  in  Figures  5  and  6.  These 
redox  couples  were  chosen  because  they  are  known  to  exhibit 
rapid  kinetics  on  a  platinum  electrode  at  25°C,  and  neither 
halide  was  expected  to  undergo  any  further  reaction  in  the 
potential  range  examined,  even  at  high  temperature. 

From  a  qualitative  standpoint,  the  CV's  of  the  KI  solution 
show  no  dramat ic  changes  up  to  390°C.  The  iodine  recuction 
wave,  peak  B,  is  distorted  at  25°C  because  iodine  is  insoluble 
at  this  concentration  of  I"  and  precipitates  on  the  electrode 
surface.  This  does  not  persist  to  higher  temperature.  There  is 
an  increase  in  peak  current  because  of  higher  diffusion  rates  at 
higher  temperature.  This  trend  is  partially  offset  because  the 
concentration  of  iodide  at  the  electrode  is  reduced  by  solution 
expansion.  The  solution  expands  100?  between  25°C  and  375CC. 

At  350cC  and  above,  the  CV’s  are  slightly  distorted.  They 
do  not  shew  the  nernstian  behavior  seen  at  lower  temperatures. 
This  is  not  a  characteristic  of  the  I'/It  couple,  but  the  result 
of  uncompensated  solution  resistance.  As  mentioned  above,  the 
amount  of  positive  feedback  compensation  that  can  be  used  is 
limited  by  the  cell  design.  The  conductance  of  a  0.2  K  Na^SO^ 
solution  dropped  sharply  above  300°C,  as  has  been  observed  by 
others  in  similar  experiments 1 ? . 

The  cyclic  voltammograms  of  the  KBr  solution  are  slighty 


more  complicated  than  those  of  KI  because  of  interference  from 
the  surface  oxidation  of  platinum  and  the  oxidation  of  water. 
The  first  complication  can  be  overcome  by  studing  the  Er"/5r2 
couple  on  a  fully  oxidized  electrode.  Figure  6  contains  two 
sets  of  cyclic  voltammograms .  One  shows  a  complete  scan  from 
che  hydrogen  to  the  oxygen  limits  of  the  solution  'dashed  line'/. 
Also  plotted  are  voltammograms  that  center  on  the  5r~/Erp  couple 
;  sol  i  d  line).  This  second  set  was  mad*3  bv  scs.nn*' p^s^C'v^ 
from  the  initial  potential  to  the  anodic  solution  limit, 
negative,  over  the  bromine  reduction  wave,  and  then  reversing 
and  scanning  positive  without  reducing  the  platinum  surface. 

The  oxidation  of  bromide  is  peak  A,  the  reduction  of  bromine  is 
peak  E,  the  oxidation  and  reduction  of  the  platinum  electrode 
occurs  in  peak  C  and  D  respectively,  and  peak  E  is  the  oxidation 
of  water  to  hydrogen. 

At  low  temperature,  the  Br'/Br2  wave  (see  solid  line  in 
Figure  6 )  has  the  characteristic  nerr.st  i  an  shape .  As  the 
temperature  is  increased,  the  shifting  oxygen  limit  cf  the 
solution  distorts  the  shape.  Above  250cC,  it  is  no  longer 
possible  to  discern  an  oxidation  peak  for  bromide,  only  a 
shoulder  at  the  anodic  solution  limit.  At  375°C,  neither  the 
oxidation  or  the  reduction  wave  for  bromine  can  be  seen  in  the 
CV .  It  is  completely  hidden  by  water  oxidation  and  reactions 
affecting  the  platinum  surface . 

The  variations  in  redox  potentials  of  the  I-/!?  and  E r ' / 3 r - 
couples  with  temperature  are  shown  in  Figure  U.  The  redox 


potentials  were  determined  by  averaging  the  peak  potential  of 


the  oxidation  and  reduction  waves  in  each  cyclic  vol tammogram . 

As  mentioned  above,  the  potentiostat  could  not  fully  compensate 
for  solution  resistance  at  high  temperature.  This  affects  the 
pear;  potentials.  However  the  digitized  vol  tammograms  ,  obtained 
with  the  Norland  oscilloscope,  cculd  be  adjusted  (numerical 
positive  feedback  resistance  compensation)  to  eliminate  the 
effect  of  resistance  on  the  measured  potentials.  The  amount  cf 
compensation  added  was  determined  as  follows.  In  the  absence  cf 
solution  resistance,  a  nernstian  couple  such  as  I'/I?  will  show 
a  pear,  separation  of  about  2.3P-T/nF,  where  P.  is  the  gas 
constant,  n  is  the  number  of  electrons,  and  F  is  the  Faracay 
constant.  The  peak  separation  was  measured  on  each  CV,  and 
compared  to  the  nernstian  value  at  the  temperature.  These  data 
are  shown  in  Figure  7.  The  sum  of  the  anodic  and  cathodic  pea-, 
current  was  also  measured.  The  voltage  difference  between  the 
actual  peak  separation  and  the  nernstian  peak  separation, 
divided  by  the  peak  to  peak  current  gives  an  estimate  of  the 
uncompensated  resistance.  The  CV’s  were  then  digitally 
corrected  for  this  resistance,  and  the  redox  potentials  measured 
on  a  resistance  free  basis.  The  only  redox  potentials  affected 
by  this  procedure  were  the  values  for  I"/l2  at  350cC,  375°C,  and 
39C°C,  where  the  uncompensated  resistance  was  '50,  180,  and  250 
ohms,  respectively. 

Up  to  25C°C,  there  is  little  change  in  the  redox  potential 
of  either  I"/l2  or  Br~/Br2.  The  dielectric  constant  cf  water 
drops  from  78  at  25°C  to  28  at  250°C.  Apparently,  the  change  in 
the  solvation  energy  of  these  halide  ions  is  small  compared  to 


the  overall  free  energy  of  reaction. 

Above  250°C  it  is  not  possible  to  determine  a  redox 
potential  for  bromine  from  the  cyclic  voltammograms ,  as 
discussed  above.  The  redox  potential  of  iodine  begins  to  change 
noticeably  above  250°C ,  and  drops  sharply  above  35G°C.  The  ' 50 
r. V  chance  between  ~ 5 0  ~ C  and  3 0 q o 2  c 0 r r e s  o 0 n d s  to  a  d r c r  c r  2  .  c 
krai  in.  the  free  energy  change  of  the  reaction 

I  ~  (  a  n  i  +  H  (  a  q  )  1/212  +  *  / 2  H  C 

We  suggest  that  the  potential  shift  is  probably  the  result  of  a 
drop  in  solvation  energy  for  the  ionic  species.  The  dielectric 
constant  cf  water  drops  from  15  at  35C°C  to  3  at  390CC.  Using 
the  radius  of  1“  calculated  from  its  ciffusivity  (see  below;, 
the  Horn  model  predicts  that  aqueous  I"  will  be  destabilized  by 
2.5  kcal  when  the  temperature  is  raised  from  35C°C  tc  390°2, 
which  is  consistent  with  the  data. 

Hydroau inone .  Solutions  of  organic  species  in  supercritical 
water  have  been  studied  by  a  number  of  investigators 2  * 1 9  and 
alkanes,  aromatics,  and  other  simple  molecules  are  reported  tc 
be  stable  if  oxygen  is  excluded.  A  mixture  of  air  and 
supercritical  water  will  completely  oxidize  a  variety  of 
organics  at  3"5°C.®  These  studies  indicate  that  at  high 
temperatures,  organic  compounds  will  be  stable  at  some 
potentials,  but  will  decompose  on  an  electrode  as  the  potential 
approaches  that  of  oxygen  evolution. 

Since  organic  compounds  are  expected  to  exhibit  novel 
electrochemistry  at  high  temperatures,  we  included  an  organic 


hv d roqu  i  none  /  benzoqu  i  none  couple  was  chosen  because  the  high 


solubility  of  hyd roqu i none  in  water  at  25  °C  made  it  possible  to 
study  the  couple  over  the  entire  temperature  range  of  the 
apparatus.  The  cycle  vol tammograrr.s  obtained  are  shown  in  Figur 

The  significant  result  of  this  stucy  is  that  the  hydra - 
c u i none  •  ber.zcqu i none  couple  is  stable  in  water  up  to  its 
critical  point,  and  can  be  studied  with  conventional 
electrochemical  techniques.  This  gives  us  confidence  that  it 
will  be  possible  to  study  a  wide  variety  of  organic  ccrtpouncs 
under  these  conditions.  Above  25C°C,  ber.zoquir.one  was  observed 
to  ceccmpose  near  the  anodic  limit  of  the  solution,  bu .  as  long 
as  this  region  is  avoided,  it  should  be  possible  to  exploit  the 
increased  solubility  of  organics  in  high  temperature  water  to 
develop  new  electrochemical  syntheses. 

Pi f f us i v  i  t i es  of  Iodide  and  Hyaroquinone.  Chronoamperomet ry  wa 
employed  to  measure  the  diffusivities  of  iodide  and 
hyaroquinone.  The  measurements  were  made  as  follows.  In  a 
solution  of  KI  or  hydroqui none ,  the  working  electcde  is  set  at 
potential  where  the  reduced  species  is  stable.  The  potential  of 
the  electrode  is  stepped,  so  that  at  the  new  potential,  the 
redox  species  is  fully  oxidized  on  the  electrode.  The  current 
that  flews  is  determined  by  the  rate  at  which  1“  cr  hydroquincr. 
diffuses  to  the  electrode. 

The  oxidation  of  I"  may  proceed  directly  to  In, 

21“  — >  1 2  ♦  2  e ” 

cr  through  the  intermediate  I?“. 


The-  formation  cf  ly",  which  has  a  lower  diffusion  coefficient 
than  I", 20  will  reduce  the  measured  current,  and  thus  the 
measured  diffusivity.  Toren  and  Driscoll  nave  shown  that  in 
solutions  that  initially  contain  only  1*,  this  effect  is 
small,1-'  and  will  be  negligible  with  respect  to  the  temperature 
induced  change  in  the  diffusion  coefficient  reported  here. 

For  a  planar  electrode,  the  diffusion  equation  can  be 
solved  analytically.  The  current  measured  is  given  by  the 
Cottrell  equation22 

i  «  r.FAD1  /2C/(irt) 1  /2 

where  n  is  the  number  of  electrons  per  species  oxidation,  F  is 
the  Faraday  constant,  A  is  the  electrode  area,  D  is  the 
diffusion  coefficient,  C  is  the  concentration  of  the  reduced 
species,  and  t  is  time.  The  diffusion  coefficient  was  obtained 
from  a  plot  of  i  versus  t-^2.  Since  the  current  measured  can 
be  affected  by  extraneous  processes,  both  faradaio  and  r.on- 
faradaic,  better  results  were  obtained  by  taking  the  difference 
between  slopes  measured  at  two  different  concentrations.  When 
measuring  the  diffusion  coefficient  of  hvdroqu  i  none ,  0.5  m.K  KC1 
was  added  to  the  solution.  This  helped  stabilise  the  reference 
electrode,  so  that  the  measurements  made  at  two  different 
concentrations  of  hydroquinone  could  be  more  easily  compared, 
more  detailed  description  of  this  technique  can  be  found  in  the 
1 i terature . 22 

At  high  temperature,  expansion  of  the  solution  results  in 


drop  in  the  concentration  of  the  diffusing  species.  To  account 
for  this  in  calculating  d  i  f f us i v i t i es ,  the  volume  of  liquid 
water  at  high  temperature  and  pressure  was  obtained  from  the 
ASKS  Steam  Tables. ^3  The  measured  d i f f us i v i t i es  for  iodide  ant 
nydroquincne  are  shown  in  Figures  ?  and  ’0,  along  with  the 
values  predicted  by  the  Stokes -Einstein  model.  The  cata  are 
also  presented  in  Tables  '  and  2. 

The  agreement  between  the  data  for  iodide  an:  that 
predicted  from  the  Stokes-Einstein  equation  is  within  ar.  eve ras 
of  'CS.  From,  this  we  conclude  that  the  size  of  the  solvent 
sphere  around  the  iodide  ion  does  not  change  appreciably  bet wee 
25cC  and  375°C.  The  diameter  calculated  from  the  Stowes- 
Ei.nstein  equation  is  1.8  X.  If  desoivaticn  of  the  ion  had 
occurred  as  a  result  of  increased  thermal  energy  and  decreasing 
density,  the  apparent  size  of  the  ion  in  solution  would 
decrease.  This  would  manifest  itself  as  a  positive  deviation 
from  the  Stokes-Einstein  model.  The  Stokes-Einstein  model 
assumes  that  a  liquid  is  continuous,  not  molecular,  at  the 
length  scale  of  the  diffusing  species.  It  is  applicable  to  mo: 
liquids  when  the  density  is  relatively  high,  near  the  triple 
point  density.  In  vapor  systems,  a  theory  based  on  mean  free 
path  molecular  collisions  is  best  for  treating  diffusion.  The: 
data  shew  that  a  liquid  theory  of  diffusion  is  appropriate  for 
water  at  densities  down  to  0.5  g/cm3,  a  reduced  density  of  ' . 
Jonas  has  measured  self-diffusion  in  DpO,  and  found  Stckes- 
Einsteir.  behavior  for  densities  above  the  critical  density. 

Hydroquinone  shows  a  positive  deviation  from  the  Stokes- 
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Einstein  theory  above  2Q0°C .  In  terms  of  this  hydrodynamic 
model,  this  implies  that  the  apparent  size  of  the  molecule 
decreases,  from  an  effective  spherical  diameter  of  3-3  X  at 
to  2.-*  ?.  at  3C0cC .  A  breakdown  of  the  hydrogen  bonds  bet  we 
hyoroquinone  and  water  is  a  possible  mechanism  for  the  deer 


In  a  previous  study, it  was  found  that  the  oiffusivi 
Cu-*  showed  a  large  positive  deviation  from  StOKes-Eir.s 

theory.  This  was  attributed  to  a  change  in  solvation 
environment  around  Cu2*.  It  could  reflect  a  high  charge  den 
of  Cu*-*,  which  induces  a  pronounced  change  in  solvation 
environment,  as  the  entropy  increase  resulting  from  releas 
water  molecules  fro-,  solvation  sphere  dominates  the  free  en 
change  of  the  solvation  process  at  high  temperature.  Ccmpa 
with  Cu2*,  i~  has  a  much  lower  charge  density  sc  that  the 
solvation  is  not  significant  enough  to  show  a  detectable  ch 
in  apparent  ion  diameter. 

More  studies  are  necessary  to  reveal  all  the  factors 
influencing  the  solvation  environment  of  a  species  in  high 
temperature  aqueous  solution.  For  the  above  systems,  the 
oiffusivi ties  of  solutes  in  aqueous  solution  increase  with 
temperature  according  to  Stokes-Einstein  theory,  or  exhibit 
positive  deviation  due  to  de solvation. 


IV.  Conclusions. 


The  electrochemical  flow -ceil  has  been  shown  to  eperat 
reliably  above  the  critical  temperature  of  water.  From  the 


experiments  described  in  this  paper,  the  following  conclusion 
can  be  drawn: 

An  increase  in  temperature  greatly  accelerates  the  kinet 
of  oxygen  evolution  on  platinum.  This  reduces  the  potential 
required  for  the  electrolysis  of  water  on  platinum  from  *.£-) 
at  25 *C  to  : . H2  V  at  390°: . 

The  reccx  potentials  of  ionic  couples,  specif!  call-.'  I  ~  ■  1 
become  verv  temperature  sensitive  in  the  critical  r°r ’ or .  Th 
is  attributed  to  a  destablization  of  the  ions  because  cf  ire 
drcp  in  the  dielectric  constant  of  water  when  approaching  its 
critical  point. 

Organic  compounds  such  as  hydrcquincr.e  can  be  studies  in 
near-critical  and  supercritical  water.  Hydrcquincr.e  retains 
low  temperature  electrochemical  behavior  and  shows  r.c  sign  of 
decomposition  at  temperatures  up  to  3"5°C  as  long  as  the 
potential  of  the  electrode  is  not  driven  to  the  anodic  limit, 
where  oxygen  is  evolved. 

Diffusion  rates  are  greatly  enhanced  by  higher 
temperatures.  The  enhancement  is  primarily  the  result  cf 
reduced  solution  viscosity.  The  diffusivities  of  iodide  ion 
hydroqui  none  can  be  modelled  by  Stckes-Einste  ir.  diffusion 
t  ^  9  c  r  y 

Since  the  feasibility  of  electrochemistry  in  water  near 
critical  point  has  been  demonstrated,  a  study  cf  organic 
reactions  is  being  undertaken.  Preliminary  tests  with  acetic 
acid,  phenol,  methanol,  and  benzene  show  that  these  compounds 
can  all  be  oxidized  electrochemi cally  above  250°C.  Tc 
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Diagram  of  high  temperature,  high  pressure  elect rochemi ca 
cell.  (A''  1/M"  0.  D.  Alumina  tube;  '  B)  Hastellcy  Alley  C 
endblock;  (C)  21c  £.  S.  Swag  el  ok  tube  fitting;  (O'  werx i n 
electrode;  (E;  counter  electrode;  (FI  reference  electrode 


'S'  electrode  pressure  fitting;  ( H  pi 
electrode;  (I)  S .  S.  compression  f 
washer;  (K)  fluorocarbon  disk;  ( L '  tar. 


i  n  urn  coil  counter 


_  urn 


platinum  worxing  electrode;  (Ml  tantalum  lead  and  silver 
reference  electrode;  (N)  heating  coil;  (S',  thermocouple; 
(?'  insulation. 


Schematic  of  equipment  for  electrochemistry  in 
supercritical  water. 

Cyclic  vcl tammograms  of  supporting  electrolyte  solution, 
S.2  M  M  a.HSCq .  Platinum  working  electrode,  area  =  1.?  *  “C- 
cm-.  Scan  rate  =  5  V/S.  Pressure  »  2MQ  bar.  Electrode  Peak 
identification:  (A)  reduction  of  H*  to  Kg;  (S'  oxidation  c 
H g c  to  C g  and  H*;  (C)  oxidation  of  the  electrode  surface; 

'  C '  reduction  of  the  electrode  surface. 


Temperature  dependence  of  potential  versus  hydrogen 
^l^c^rccs 


Cyclic  vcltammograms  of  10  rr.M  KI  in  0.2  M  NaHSO  a .  Platinum 
working  electrode,  area  -  1.3  *  1C~2  cn2.  Scar,  rate  - 


•.  •-  S 


5  V/S .  Pressure  -  2  40  bar.  Peak  identification: 

( A '  oxidation  of  I-  to  13;  (E)  reduction  of  1 2  to  I~. 

Cyclic  vol  t  ammo  grams  of  10  m”  KBr  in  0.2  M  NaHSOu.  Platinum 
working  electrode,  area  =  1.3  *  10"^  cm'-.  Scan  rate  = 

3  V'S.  Pressure  =  2^0  bar.  Peak  identification: 

,A'  oxidation  of  Er~  to  Ery;  ( E )  reduction  of  Er?  to  Er"; 
{2}  oxidation  of  the  electrode  surface;  (S'  reduction  cf 
the  electrode  surface;  (E)  oxidation  cf  H2O  to  03  and  H* . 

Temperature  dependence  of  peak  potential  separation  in 
cyclic  vcltamograms  cf  KI  and  KBr. 

Cyclic  voltammograms  of  10  mK  hydroquinone  in  0.2  M  HaHSCq 
and  0.5  mM  KC1 .  Platinum  working  electrode,  area  »  1.9  * 

*  C"3  cm^.  Scan  rate  =  5  V/S.  Pressure  »  240  bar.  Peak 
identification:  (A)  oxidation  of  hydroquinone  to 
benzoquinone ;  (E)  reduction  cf  benzoquinone  to 
hydroquinone . 

Temperature  dependence  of  the  diffusivity  of  iodide  ior.s  in 
water.  Line  is  value  calculated  from  Stokes-Einstein 
equation  and  the  diffusity  at  25°C. 

Temperature  dependence  of  the  diffusivity  of  hydroquinone 
in  water.  Line  is  value  calculated  from  Stokes-Einstein 
equation  and  the  diffusity  at  25°C. 


